Between 30 s and 5 min after transfer from light to darkness, the rate of acetylene reduction by cultures of the unicellular cyanobacterium Gfoeocapsa sp. 1430/3 decreased rapidly. During the same period, there was a rapid disappearance of storage glucan. There was also a sharp fall in the intracellular concentration of ATP followed by a slower recovery. It is concluded that, in the dark, the catabolism of storage glucan is the only potential source of ATP and/or reductant and that the low rate of Nz fixation in the dark is not due to limitations in the supply of ATP.
INTRODUCTION
Gfoeocapsa (Gfoeothece) sp. CCAP 1430/3 is a unicellular, N,-fixing cyanobacterium. Although photoautotrophic, this organism is capable of N, fixation at decreased rates in the dark, under both aerobic and anaerobic conditions  Hamadi & GaIf on, 1979).
N2 fixation requires ATP and reducing power which, in the dark, are presumably supplied by the metabolism of carbon compounds. Although carbon metabolism in the dark has been extensively investigated in both unicellular and filamentous cyanobacteria (Miller & Allen, 1972; Pelroy & Bassham, 1972; White & Shilo, 1975; Bottomley & Van Baalen, 1978) , N2 fixation in the dark has not previously been investigated in any unicellular cyanobacterium. From studies with the filamentous species Anabaenopsis circularis and Anabaena variabifis, Bottomley & Stewart (1977) suggested that the availability of ATP and/or reducing power might account for the decreased rate of N, fixation which was observed in the dark.
The object of the work reported here was to examine the immediate effects on N, fixation of transferring a culture of Gfoeocapsa from light to darkness, and to attempt to relate these effects to carbon metabolism (measured as the breakdown of glucan) and to the intracellular concentrations of ATP.
supernatant was removed, The concentrated (20-to 50-fold) cultures were then transferred to a sterile 3 1 vessel, fresh sterile medium was added to bring the volume to 1 1, and the cultures were incubated as before until Nz fixation was maximal (24 to 48 h).
1,tcorporution of 14C02. Culture samples (70 ml) were transferred to a 150 ml flask and maintained at 2 5 2 t ;C at pH 7.6 and a light intensity of 2500 Ix. C02-free air, prepared by bubbling air through 10 % (w/v) KOH, was supplied at approximately 440 ml min-l. 1JC02, generated by pumping 12-5 m~-N a~~* C o~ (17.4 MBq mol-I) into 3 M -H~S O~ at a constant rate (0.625 ml min-l), was added to the C02-free air, giving a final C02 concentration of 0-04 "/, (v/v). Emuent gas was passed through I0 % (w/v) KOH to remove all 1JC02. After 3.5 h incubation, the supply of W02 and illumination were discontinued. At intervals, 2 ml of the culture was drawn into a preweighed syringe containing 3 ml methanol, re-weighed to determine the exact weight of culture and left at 4°C overnight for extraction. The extracts were examined either for glucan, protein and 3'-UMP or for lipid and thymine. Estimation of radioactivity in glucan and protein. Cell extracts were centrifuged for 30 min (32000 g), the supernatant was discarded and the pellet was washed in 70 % (v/v) ethanol (3 x 10 ml). Glucan was hydrolysed with trifluoroacetic acid (TFA) as described by Pelroy et a/. (1976) except that Teflon-capped Pyrex tubes were used instead of sealed ampoules. The sample was then filtered (Millipore type HA, pore size 045 pm) and washed with distilled water (2 x 10 ml). The precipitate was retained for estimation of "C-labelled protein, as described by Pelroy et a/. (1976) . The t3trate was evaporated to dryness in a rotary film evaporator, resuspended in 0.7 ml distilled water, and used for the estimation of both glucose and 3'-UMP. For glucose estimation, 25 ~1 extract was mixed with 0-1 mg a-D-glucose and chromatographed on a thin layer of Silica Gel G (Whatman) using 1-butanol/ acetone/water (4: 5: 1, by vol.) as solvent. The position of glucose on the plate was determined under U.V.
light after spraying with 1 % (w/v) 2,7-dichlorofluorexein. Radioactivity was located using a thin-layer scanner, type RTLS-1 A (Panax Equipment, Redhill, Surrey). The identification of the major radioactive peak as glucose was confirmed by co-chromatography in the following two-dimensional systems. (i) Thintayer chromatography on silica gel plates: first dimension, 1-butanol/acetone/water (40 : 50 : 10, by vol.); second dimension, ethyl acetate/2-propanol/water (68 : 23 : 12, by vol.). (ii) Thin-layer chromatography/ t hin-layer electrophoresis on cellulose MN300: first dimension (chromatography), 1 -butanol/acetic acid/ water (60: 15 : 25, by vol.); second dimension (electrophoresis), pyridine/acetic acidjwater (10: 35: 955, by vol. j. The radioactivity in glucose spots was measured in a scintillation spectrophotometer after transferring them to vials containing 10 ml PCS scintillation fluid (Amersham Corp., Arlington Heights, Ill., U.S.A.).
Counting efficiency was no lower than 94 %; quenching was corrected using an external standard.
Esrimation of radioactivity in 3'-UMP. During the hydrolysis of glucan with TFA, RNA is also quantitatively hydrolysed (Loring, 1955) . Radioactivity in 3'-UMP was used as a measure of the incorporation of 14C into RNA. To act as carrier and to facilitate visual location, 0.5 pmol 3'-UMP was streaked on to Whatman no. 1 chromatography paper. A sample (0.2 ml) of the TFA-treated filtrate was applied at the same position and subjected to descending chromatography using l-butanol/ethanol/5 M-HCl (3: 2:2, by vol.) for about 18 h. The chromatograms were dried at 50°C and the 3'-UMP was located by its absorption of U.V. light (254 nm). The radioactivity in 3'-UMP was measured by liquid-scintillation spectroscopy after transferring spots to vials containing 10 ml PCS scintillation ffuid.
Estimation of radioactivity in total /&id. The extraction method of Dubinsky & Aaronsen (1979) was used except that cells were left overnight in 2-propanol at room temperature before extraction with acidified CHC13/CH30H (2: 1, v/v, plus 3 ml wnc. HCI 1-I). The lipid fractions were evaporated to dryness at 35 "C and redissolved in 0.5 ml CH,CI/CH,OH (2 : 1, v/v). The radioactivity was measured in a scintillation spectrophotometer using 3 ml2-(4'-tert-butylphenyl)-5-(4"-biphenylyl)-1,3,4-oxadiazole in toluene (4 g 1-1).
Quenching was corrected using an external standard; the counting efficiency was no lower than 85 7;. incorporation into DNA. After treatment with acidified CHCls/CHaOH, cells were collected by centrifugation, washed with distilled water (3 x 10 ml) and suspended in 3 m16 M-HCI. The suspension was placed in Teflon-capped Pyrex tubes and autoclaved at 120 "C for 2 h. The hydrolysate was filtered, washed with 10 ml distilled water, and the filtrate and washings were pooled and evaporated to dryness. The residue was dissolved in 04 ml distilled water and subjected to descending paper chromatography in 1-butanol/formic acid/water (77: 10: 13, by vol.) for 16 h with added thymine as a carrier. Thymine spots were located and counted as described above for 3'-UMP.
Oxygen consumption. O2 consumption was measured polarographically at 25 "C using a Clark-type oxygen electrode (Rank Bros, Bottisham, Cambs.). Cultures (3 ml) were allowed to photosynthesize under illumination at 2500 lx until the OI concentration of the solution had increased by 10 %. The cells were then allowed to respire in the dark until a linear rate was established. The electrode was calibrated with airsaturated water. A c u r j h r reduction (Nsfixation). No fixation was measured using the concentrated cultures by the acetylene reduction technique. Samples (3 ml) were incubated for 10 min at 25 "C and 2500 lx in a sealed incubation chamber (Toziim Measurernetit of intracellulur ATP concentrations. Portions (50 ml) of a 10-fold concentrated culture were transferred to 150 ml Ertenmeyer flasks and incubated on an orbital shaker either in the light or in the dark for various periods (0 to 30 rnin). Perchloric acid was then added to a final concentration of 0-6 M, and the ATP was measured by the luciferin-luciferase method of Kimmich et al. (1975) except that the neutralized perchloric acid extracts (approx. 25 ml) were evaporated to dryness in a rotary film evaporator and redissolved in 2 ml of the 'assay medium'.
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RESULTS A N D DISCUSSION
When &fixing cultures of Gloeocapsa sp. CCAP 1430/3 grown in the light were transferred to darkness, there was a rapid drop in the rate of acetylene reduction during the first minute (Fig. I) . This was followed by a slower decrease until, after 5 min, the rate was approximately 40 % of that in the light. This lower rate of acetylene reduction continued for up to 1 h (Gallon et al., 1975) .
In the absence of photosynthesis, the reducing power and ATP needed to sustain N, fixation must presumably arise from the oxidation of endogenous substrates. The rate of utilization of potential storage metabolites was therefore examined. After 3. was lost from the storage glucan fraction under both conditions (Fig. 2 4 .
In cultures growing under N,-fixing conditions, there was a rapid loss of radioactivity from storage glucan during the first 5 min of darkness (Fig. 2b) followed by a slower, linear loss over the next 3 h (Fig. 2a) . In cultures grown with NH4+ there was no detectable loss of 1 4 c from storage glucan for the first 30 min in the dark, though there was a linear loss during the next 3 h (Fig. 2a) at a rate which was consistently slightly less than that in cultures fixing N,. Over the first 3 h of darkness the total loss of 14C from storage glucan was substantially greater in N,-fixing cultures than in cultures grown with NH4+ ( Fig. 2 4 . Presumably this difference is related either directly or indirectly to the process of Nz fixation. These observations in GZoeocapsa support the general claim made by Rippka & Waterbury ( 1977) that N2 fixation by cyanobacteria under non-photosynthesizing conditions occurs at the expense of accumulated glycogen reserves. The effect of darkness on the rate of respiration of NH4+-grown cultures (Fig. 3b ) was similar to that on the loss of l*C from storage glucan. For the first 30 rnin in the dark the rate of respiration, measured as O2 consumption, was zero. Subsequently a slow linear rate was observed [0*02 nmol O2 consumed min-l(l06 cells)-l] for 20 min followed by a more rapid rate [O*I2 nmol Oz consumed min-l (106 cells)-l]. Following transfer of N,-fixing cultures to darkness, there was an immediate rapid consumption of Oz 10.2 nmol mjn-1 (10s cells)-l] which continued for at least 50 min (Fig. 3a) . This constant rate of respiration contrasted with the rate of loss of radioactivity from glucan (Fig. 2) which was greatest during the first 5 min of darkness.
A transient decrease in the ATP pool has been observed on transfer to the dark in both non-N,-fixing (Aphanocapsa 6308 ; Pelroy & Bassham, 1972) and N,-fixing (Anabaena cylindrica ; Bottomley & Stewart, 1976) cyanobacteria, accompanied in the latter organism by a fall in the rate of acetylene reduction, the lower rate being maintained throughout the dark period. The ATP concentration in cells of GZoeocapsa incubated aerobically changed in a manner similar to that reported by Pelroy & Bassham (1972) for Aphanocapsa 6308 during the transition from light to dark (Fig. 4) although the pool of ATP recovered rather more slowly (after about 10 to 15 min).
These changes in the concentration of ATP during the light to dark transition could explain the changes in storage glucan, O2 consumption and acetylene reduction. In the light, photosynthesis provides nitrogenase directly with ATP and, possibly, also with reductant.
Upon transfer of the culture to the dark, Nn fixation continues initially at a constant rate, but, because the ATP and reductant are no longer replaced photosynthetically, their concentrations decrease causing, in turn, a rapid decrease in the rate of acetylene reduction ( Fig. 1) . The rapid decline in the intracellular concentration of ATP (Fig. 4) may stimulate the breakdown of storage glucan (as suggested by Mullineaux et al., 1979), which returns the ATP pool to its original photosynthetic level. After 5 to 10 min in the dark, as the pool of ATP became replenished (Fig. 4) , the rate of glucan utilization decreased (Fig. 2) . The rate of respiration did not change in N,-fixing cultures (see Fig. 3 ), even during the period when the rate of breakdown of glucan was greatest, suggesting that respiration was proceeding at its maximum rate throughout the period of study. Gloeocapsa, like all other cyanobacteria examined, lacks a functional 'citric acid cycle' (Ul-Haque et al., 1977) . In addition, the activity of pyruvate: ferredoxin oxidoreductase is low compared with that of other enzymes in Gloeocapsa (Ul-Haque et al., 1977) and the overall rate of respiration might be restricted by the activity of this enzyme. Assuming that the rate of respiration obserwd in these experiments corresponds to the lower rate of glucan breakdown, then the initial rapid rate of breakdown might provide ATP for N2 fixation by an anaerobic mechanism. However, although the ATP pool returned to normal after 10 to 15 min in the dark, the rate of N, fixation remained depressed. Thus, whilst an interruption in the supply of ATP may trigger the fall in nitrogenase activity following transfer to the dark, it is unlikely that the continued low rate of acetylene reduction is due to limitations in the supply of ATP.
In the dark, the catabolism of storage glucan is the only potential source of ATP and/or reductant for N, fixation, or, indeed, for any other metabolic process. Gloeocapsa reduces acetylene in the dark anaerobically at a rate which is comparabie to that found aerobically (Hamadi & Gallon, 1979 ). This suggests that substrate level phosphorylation might play an important role in N, fixation by Gloeocapsa in the dark. In the studies reported here, substrate level phosphorylation may be particularly important during the rapid breakdown of glucan which follows the transfer of N,-fixing cultures from light to darkness. In contrast, in Anabaena cylindrica and Anabaenopsis circularis substrate level phosphorylation cannot support N, fixation at more than low rates (Bottomley & Stewart, 1976 .
